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Sliding/abrasive wear formulations based on Archard [6]
have been applied to metal-on-plastic implants in recent years.
An early formulation that coupled contact stresses and sliding
distances through finite element (FE) analysis was first
applied by Maxian et al. [7]. More recently, Mattei et al. [8]
provided a summary and comparison of wear formulations
developed based on Archard’s wear theory using a simplified
FE model and analytic methods. Adaptive wear models have
been used to more accurately predict long-term wear by
updating the FE mesh according to wear results to effectively
characterize the wearing-in of the implant [9, 10]. The more
recent wear studies have not used full three-dimensional FE
models, preferring less accurate but more computationally
efficient simplified models and analytic solutions.

Abstract—
This paper investigates the wear
characteristics of a novel hip implant design. Key features
of the design are elastic elements attached to the cup which
provide a mechanical means for ball separation during the
swing phase of the gait loading cycle. An Archard-based
wear formulation was implemented utilizing the ANSYS
finite element analysis program which relates contact
pressure and sliding distance to linear wear depth. It is
found that low-modulus elastic elements with bonded highmodulus metal coatings offer significant predicted
improvement in linear and volumetric wear rates when
compared with conventional implant geometries for gait
cycle loading and kinematic conditions found in practice.
Keywords—artificial hip joint, implant, wear

II. PROBLEM FORMULATION

I. INTRODUCTION

All FE analyses are conducted using the nonlinear, threedimensional contact features available in ANSYS 14.0. 10node SOLID186 tetrahedral elements are used to model each
geometry. TARGE170 and CONTA174 elements are assigned
to the contact surfaces using the surface-to-surface contact
option. The Target elements are consistently applied to the
(harder) cobalt-chrome ball surface, while the (softer)
UHMWPE material is prescribed as the Contact surface.

Wear particles caused by inadequate hydrodynamic
lubrication in conventional artificial hip joints have been
shown to cause adverse tissue reactions in the human hip. In
metal-on-plastic (MOP) designs, osteolysis and subsequent
aseptic loosening or detachment of the acetabular cup from the
pelvic bone are attributed to wear particles generated when the
metal femoral head articulates against the softer UHMWPE
cup material [1]. In metal-on-metal (MOM) designs,
nanoscale wear particles cause high concentrations of metallic
ions to be deposited in the tissue surrounding the implant [2,
3]. The issues associated with wear in these implants can be
attributed to the inherent non-reversing nature of loading on
the joint coupled with ineffective lubrication from lowfrequency oscillatory ball motion.
Fig. 1 shows a novel implant design [4, 5] which employs
an ellipsoidal cup geometry to enhance lubrication and elastic
elements (shaped as cylindrical columns) that act as springs to
provide a reversing load to the ball. This spring load must be
greater than the swing-phase load to enact separation of ball
and cup. Results from these papers show larger minimum film
thicknesses and smaller peak film pressures when compared
with conventional implants. Effective wear rates for this
design have not been studied but are an integral component of
this research since the elastic elements come in direct contact
with the ball surface, albeit at significantly lower loads
compared with the surfaces in a conventional implant.

Fig. 1. Novel artificial hip joint design [4]
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Fig. 2. Finite element contact model of novel implant design

Fig. 3. Finite element contact model of conventional artifical hip joint

Fig. 2 shows the FE contact model of the novel implant
design. The acetabular cup is absent as the contact occurs only
between the elastic elements and the ball surface. System XN,
YN, and ZN axes are oriented to correspond to the system X,
Y, and Z axes [4], where the centerlines of the columns lie in
the XN-ZN plane. The XN’-YN’-ZN’ frame is affixed to the
contact surface of the left elastic column in Figure 2a, where
XN’ is oriented along the cylindrical axis of the column ‘into’
the surface and lies in the XN-ZN plane. Models utilizing highmodulus coatings are also simulated. The coatings are
assumed to be bonded to the contact surface of the columns
and have the same material properties as the ball. Two coating
thicknesses are chosen: 0.200mm and 0.400mm.

oriented along the polar axis of the cup assembly. The analysis
of this model is required to validate the FE analysis and wear
program developed in this paper against published results and
to provide a direct comparison of wear between the novel
design and a conventional design. The polyethylene cup is
assumed to be bonded to the metal backing, while the external
area of the metal backing is assumed to be fixed. A cup
inclination angle of 45° and anteversion angle of 0° are
chosen, consistent with Maxian et al. [7]. The effect of radial
clearance on wear has been reported to be negligible when
less than 200μm [10]; therefore, a radial clearance of 40μm is
chosen for this work which corresponds to the more promising
lubrication results in the novel design [4, 5]. For direct
comparison with the novel designs with coatings, a MOM
conventional model is also simulated which assumes a metal
cup insert with the same material properties as the ball. Table
2 lists the design specifications for the conventional models.

The back surface of each column is assumed to be fixed,
while the ball is constrained to move only in the ZN-direction.
The design specifications shown in Table 1 are adapted
directly from Appendix C of Boedo and Booker [4]. Due to
the geometry of the acetabular cup, the maximum allowable
diameters for the columns are 3.18mm and 4.97mm for the
16mm and 25mm radius cups, respectively. The diameter
values used in this work are chosen so as to maximize the
contact area on the column surface to provide lower contact
stresses and a comparable effective reaction force to the
theoretical value of 350N [4].

TABLE 1: DESIGN SPECIFICATIONS, NOVEL DESIGN
Parameter

The conventional FE contact model, shown in Fig. 3, is
identical to that used by Maxian et al. [7]. System XC, YC, and
ZC axes are oriented to correspond to the system X, Y, and Z
axes [4]; likewise, the XC’, YC’ and ZC’ axes are oriented
identically to the X’, Y’, and Z’ coordinate axes, where ZC’ is
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R = 16mm

R = 25mm

column diameter

3.00 mm

3.50 mm

initial vertical offset

-0.648 mm

-0.476 mm

column length

5.00 mm

column orientation angle

25.91 deg

ball elastic modulus

210 GPa

ball Poisson’s ratio

0.31

column elastic modulus

1.0 GPa

column Poisson’s ratio

0.46

where CNinterp is the interpolated number of nodes shown to be
‘in contact’ with the Target surface; TNinterp is the interpolated
number of total nodes on the Contact surface; SA is the surface
area of the Contact surface; and CNactual is the actual number
of Contact nodes with ‘in contact’ status. Calculated for each
instance of the gait cycle, this nodal area value is then
multiplied by the linear wear depth at each node and summed
to provide a volumetric wear rate per cycle. It should be noted
that the calculation of linear and volumetric wear is completed
using a program written for MATLAB after exporting nodal
contact results from ANSYS.

TABLE 2: DESIGN SPECIFICATIONS, CONVENTIONAL DESIGN
Parameter

Value

cup thickness

8.00 mm

backing thickness

3.00 mm

radial clearance

40 μm

ball elastic modulus

210 GPa

ball Poisson’s ratio

0.31

cup elastic modulus

1.4 GPa

cup Poisson’s ratio

0.46

The wear coefficient chosen for analysis has a significant
impact on wear results. Since k is dependent on the material,
surface characteristics, lubrication and contact pressure, it is
not possible to prescribe a single value to this coefficient for
in vivo conditions [11]. This work assumes k = 10.656E-07
mm3 N-1 m-1 for MOP designs – the value used by Maxian et
al. and extrapolated from [12] – and k = 0.5E-08 mm3 N-1 m-1
for MOM designs [13].

The wear program used in this work is adapted directly
from Maxian et al. [7] and is a sliding-distance-coupled
formulation based on Archard’s wear law:
(1)
where h is linear wear depth; k is a material and surface
dependent wear coefficient; P is the contact stress; and S is the
sliding distance associated with a point on the contact surface.
This equation is evaluated locally at each node in the FE
model and a global wear matrix W formed for the entire
contact surface:

The loading and kinematic conditions applied to the FE
models are taken from the generally accepted ISO 14242
standard [14] that is employed in hip simulator wear testing
(Fig. 4). In the conventional implant, the loads are applied to
the center of the ball at 21time steps over the entire gait cycle.
In the case of the novel design models, displacement control is
used due to the nature of the springs. The elastic columns are
designed to initially contact the ball at a vertical “offset”
position e0 so that the ball will feel a 350N reaction force in
the –ZN direction when the ball and cup are concentric. At this
position, the ball can only physically move an additional
distance equivalent to the radial clearance between the bearing
surfaces (40μm), which increases wear negligibly when taken
into account. It is therefore assumed that the ball remains
generally at a position concentric to the cup, so a constant
contact pressure distribution for this displacement is applied at
each time step. For validation purposes, the 16mm radius
conventional implant is run under the gait conditions used in
Maxian et al. [7] that are taken from Brand et al. [15]. It is
further assumed that the implant undergoes 1,000,000 gait
cycles per year.

(2)
where N is the number of loading/kinematic instances applied
to the FE model; σi is the contact stress distribution at each
instance; and si is the sliding distance at each instant, defined
as:
(3)
where Δni is the change in flexion/extension angle between
successive instants and r is the perpendicular distance between
the node and the flexion/extension axis of rotation. Only
flexion/extension kinematics are applied to the wear model to
simplify the sliding distance calculation. This assumption is
common in wear analyses since flexion/extension rotation
dominates the kinematic behavior of the joint.
Volumetric wear is calculated by selecting nodes at each
instance on the Contact surface of the FE model that are
shown to be ‘in contact’ with the Target surface and creating a
ratio with respect to the total number of CONTA174 nodes in
the model. Due to the behavior of mid-side nodes for the
SOLID186 element type (contact results are not stored at midside nodes), the contact status of each node and the total
number of Contact nodes must be interpolated over identical
meshes to create a true ratio. This ratio is used in the
following equation to calculate the approximate ‘nodal area’:
(4)

Fig. 4. ISO 14242 duty cycle [14]
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III. RESULTS
Table 3 provides a summary of the wear results for both
the novel and conventional design models. It should be noted
that the contact surfaces are assumed to have a conservative
coefficient of friction μ of 0.01 in FE simulations. It has been
shown that the friction coefficient between the chosen
materials can vary between nearly 0 and 0.065 depending on
loading conditions, surface roughness and lubrication behavior
[16]. Wear rates are found in the course of this study to be
independent of the friction coefficient used within that range.
Figs. 5 and 6 provide the linear wear distributions for the
novel design and conventional implant, respectively, after
1,000,000 gait cycles. It should be noted that the linear wear
rates found in this work are lower than those found in previous
wear studies for the conventional design, though this is the
first study since Maxian et al. [7] to employ a full threedimensional FE analysis and it employs a significantly finer
mesh. Table 4 shows the comparison of the conventional
design used in this work (16mm radius) to the results in
Maxian et al. [7].

Fig. 6. Linear wear distribution on cup surface, conventional design

TABLE 4: COMPARISON TO PUBLISHED RESULTS
Linear Wear

Volumetric Wear

mm/year

mm3/year

Simulation

0.0696

24.77

Maxian et al. [7]

0.116

18

0.10 ± 0.06

3 to 256

Source for Wear
Results

Clinical [7]

IV. DISCUSSION
The novel designs without a high-modulus coating show
improvement over the conventional design in volumetric
wear; however, linear wear rates for these designs are very
high compared with the length of the elastic columns. As such,
the elastic columns will wear away and become ineffective at
providing a reaction load to the ball. The novel designs
employing coatings, however, show improvement over the
conventional design in volumetric wear while keeping the
linear wear rates manageable. In particular, the 0.200mm
coating shows 74.5% and 73.3% improvement in volumetric
wear rate over the conventional design for the 16mm and
25mm-radius models. Assuming (conservatively) a constant

Fig. 5. Linear wear distribution on elastic element surface,
novel design, 0.200mm coating

TABLE 3: SUMMARY OF WEAR RESULTS
Radius
Units

16mm

25mm

Novel Design

Conventional Design

Coating Thickness

Linear Wear

Volumetric Wear

mm

mm/year

mm3/year

No Coating

2.1650

14.26

0.200

0.0178

0.069

0.400

0.0692

0.070

No Coating

2.5830

22.68

0.200

0.0172

0.112

0.400

0.0616

0.114
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Linear Wear

Volumetric Wear

mm/year

mm3/year

MOP

0.1298

46.20

MOM

0.0042

0.271

MOP

0.0971

59.54

MOM

0.0037

0.420

Model Type

linear wear distribution for this design for the life of the
implant, the metal coating will be effective for a minimum of
approximately 11 years.
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